Introduction {#Sec1}
============

Paraphrasing Heraclitus' philosophy *panta rhei* ("everything flows"), the concept that everything is transient and temporary, a current biogerontologist could summarize the knowledge accumulating in the aging field over the past century with a statement that "everything is getting old". Since the early 20th century, a group of researchers believed that cells might be, in their nature, immortal \[[@CR1]\]. These ideas were crushed when Leonard Hayflick and Paul Moorhead discovered that human somatic cells (precisely: lung fibroblasts) might achieve, in vitro, only a finite number of population doublings and before becoming old (or *senescent*, according to an adequate terminology) \[[@CR2], [@CR3]\]. The next few decades resulted in an extended list of cells whose Hayflick limit and mechanism of senescence were revealed. The list now includes, among others, fibroblasts, epithelial cells, endothelial cells, mesothelial cells, and mesenchymal stem cells. The previously popular paradigm that cancer cells do not become senescent, and thus are immortal \[[@CR4]\], dramatically changed when their senescence in response to chemo- and radiotherapy was documented \[[@CR5]\]. The last fortress for those held onto the notion that cell types which need to be immortal, for their own identity, were cancer cells not experiencing any external insult. Unfortunately, these arguments failed when the spontaneous senescence of cancer cells was described \[[@CR6]\]. This review is devoted to detailing the molecular and mechanistic aspects of the spontaneous senescence of cancer cells which, in comparison to other types of this process, is still poorly explored, full of puzzles, and underestimated from a clinical perspective.

Cellular senescence {#Sec2}
===================

Alexis Carrel's theory about cell (and possibly human) immortality \[[@CR1], [@CR7]\] collapsed when Hayflick and Moorhead failed to reproduce his observations. Carrel's findings were then challenged by showing the inability of normal somatic cells to divide beyond some fixed and predetermined number of replications, and an apparent morphological deformation of those cells at late passages \[[@CR2], [@CR3]\]. Current perspectives on mechanisms and outcomes of cellular senescence, a process reported for the first time in the early 60s of twentieth century, gradually evolved in parallel with methodological advances, particularly in the area of cell and molecular biology. The fibroblast is the most common model of cellular senescence, with the vast majority of discoveries in this field stemming from studies on this cell type \[[@CR8]\].

Phenotype {#Sec3}
---------

A senescent cell degenerates and in contrast to young, proliferating, and also quiescent cells, senescent cells are usually much bigger, sometimes several times. There are probably several mechanisms underlying this senescence-associated cell enlargement. One of them is cellular hypertrophy in which a cell becomes bigger and bigger due to an accumulation of proteins \[[@CR9]\]. It has been postulated that accumulation of proteins in senescent cells may be associated with decreased activity of proteasomal peptidases combined with increased levels of either oxidized or ubiquitinated proteins \[[@CR10]\]. Senescent cells also lose monolayer integrity which may result from a downregulation of intercellular junctions \[[@CR11], [@CR12]\], display irregularities in shape (e.g., related to overproduction of vimentin, as it happens in senescent fibroblasts \[[@CR13]\]), becoming multinucleated \[[@CR14]\], vacuolarized \[[@CR15]\], and developing altered mitochondria in terms of both morphology (e.g., increased mass \[[@CR16]\]) and function \[[@CR17]\].

Another significantly affected structure of senescent cells is their DNA, which gathers several forms of specific abnormalities, including products of base oxidation (e.g., 8-hydroxy-2′-deoxyguanosine \[[@CR18]\]), persistent DNA damage foci (DNA segments with chromatin alterations reinforcing senescence; DNA-SCAR) \[[@CR19]\], and senescence-associated heterochromatin foci (SAHF), responsible for silencing of proliferation-promoting genes \[[@CR20]\]. Moreover, there is a rising conviction that senescence-related changes in DNA also occur at an epigenetic level \[[@CR21]\].

Senescent cells exhibit the cytoplasmic activity of lysosomal β-galactosidase, which is detectable at pH 6.0, is called the senescence-associated β-galactosidase (SA-β-Gal) \[[@CR22]\]. Although the presence of SA-β-Gal is probably the most widely used marker of senescent cells, a lot of criticism has appeared regarding the specificity of this enzyme for the senescence state \[[@CR23], [@CR24]\]. Currently, the list of senescence markers goes far beyond SA-β-Gal and includes the acquisition of senescence-associated secretory phenotype (SASP) \[[@CR25]\], cell cycle inhibitors p16^Ink4a^ and p21^Cip1^ \[[@CR26]\], and lipofuscin \[[@CR27]\]. This multiplicity of senescence biomarkers, combined with a unique pattern of senescence in various cell types led to the current view in which senescent cells should be identified using not only SA-β-Gal but also using other common markers, such as histone γ-H2A.X, SAHF, and p16^Ink4a^. A confirmation that cells supposed to be senescent are negative for proliferating antigens, particularly Ki67, is also strongly advisable \[[@CR28]\].

Mechanisms {#Sec4}
----------

There is an agreement that senescence is a cell response to an extensive and irreparable DNA injury localized in various regions of the genome \[[@CR29], [@CR30]\]. Under certain conditions, however, the senescence may proceed without DNA damage \[[@CR31]\]. Currently, two major types of cellular senescence are considered: replicative senescence and stress-induced premature senescence (SIPS). In general, these types of senescence are distinguished by the number of divisions at which the senescence occurs \[[@CR32]\].

The classic pattern of senescence that defines cell fates upon reaching a certain, cell-specific number of divisions, is called *replicative senescence*. This kind of senescence is intuitively linked with changes in telomere length and structure (uncapping), and therefore, is also recognized as *telomere*-*dependent senescence*. Telomeric ends are particularly prone to DNA damage, mostly single-strand breaks (SSB) and double-strand breaks (DBS), due to defective DNA repair mechanisms \[[@CR33]\]. Gradual decomposition of telomeres through shortening and/or uncapping induces the DNA damage response (DDR) pathway \[[@CR34]\], which is responsible for a cell evacuating from the cell cycle. The DDR pathway starts from the recruitment of ataxia telangiectasia mutated (ATM) and ATM- and Rad3-Related (ATR) kinases to the sites with DSBs (a signature of damaged telomeres). This recruitment leads to the phosphorylation of hundreds of proteins, including histone H2A.X at Ser139 (γ-H2A.X), 53BP1, MDC1, NBS1, and kinases Chk1 and Chk2 \[[@CR35]\]. These reactions result in the activation of p53 cell cycle checkpoint and an irreversible exit from the cell cycle at the stage of G~1~ or G~2~ phases \[[@CR36]\]. The reinitiation of cell division is additionally blocked by the upregulation of another cell cycle inhibitor, p21^Cip1^, which is regulated by p53 at the transcriptional level and acts as its down-stream effector \[[@CR37]\]. Although DDR is a universal reaction elicited by various forms of DNA injury, the accumulation of its activated elements in senescent cells justifies to treat it as the core signaling route for senescence \[[@CR38], [@CR39]\].

Research on cells other than fibroblasts has demonstrated that the telomere-dependent pattern of senescence is not the only mechanism of this process. Cells of epithelial nature, including keratinocytes, as well as cells of mesenchymal origin resembling in their morphology and function to epithelial cells (mesothelium), senesce with little to no change in telomere length \[[@CR40], [@CR41]\]. This version of senescence is termed SIPS, as its primary cause is inadequate culture conditions ("culture shock") \[[@CR42]\]. Cells undergoing SIPS seem to be more vulnerable to environmental insult than the cells undergoing replicative senescence, manifested by the larger magnitude of DNA damage, which additionally localizes predominantly in non-telomeric regions of the genome (*telomere*-*independent senescence*) \[[@CR43]\]. Interestingly, the DDR is also activated in SIPS \[[@CR44]\], albeit another cell-cycle blocker, p16^INK4a^, plays the critical role \[[@CR45]\]. In the context of the executionary phase of senescence at the level of cell cycle, the involvement of certain inhibitors, like p21, p16, and p53 is highly cell-specific. For example, senescent fibroblasts that reached this state primarily in telomere-dependent fashion often display upregulated level of p16^Ink4a^ \[[@CR46]\], whereas mesothelial cells which senesce prematurely without telomere shortening, are characterized by elevated p21^Cip1^ at senescence \[[@CR43]\].

A special kind of the SIPS is the irreversible cessation of growth upon cell exposure to a variety of stressors or manipulations, including ultraviolet radiation \[[@CR47]\], ionizing radiation \[[@CR48]\], chemotherapeutics \[[@CR49]\], and sub-lethal doses of oxidants \[[@CR50]\]. In general, the SIPS occurs quickly, usually within a few rounds of replication and may have telomere-dependent \[[@CR51]\] or telomere-independent characteristics \[[@CR52]\]. The complexity of this phenomenon, that may proceed using various molecular pathways, has been shown by observations that under some specific conditions, even the DNA injury is not a binding element of the SIPS development \[[@CR31]\].

Another kind of cellular senescence, known as *oncogene*-*induced senescence* (OIS), is associated with the activation of certain oncogenes. Although several oncogenes exist and play a role in the biology of normal and cancerous cells, the phenomenon of OIS has been described most extensively for their two families, that is *RAS* \[[@CR53]\] and *RAF* \[[@CR54]\]. Generally speaking, the activation of the oncogenes, usually through an ectopic expression of their activated forms, drives cells towards the development of the phenotype that characterizes cells undergoing replicative senescence and SIPS \[[@CR55]\].

Oxidative stress is probably the best recognized, both intrinsic (mitochondrial) and environmental insult, whose effects lead to cellular senescence. In case of replicative senescence, oxidative stress is associated with compensatory biosynthesis of mitochondria in response to declined inner membrane potential (so-called retrograde signaling response) \[[@CR56]\] and contributes to telomere shortening \[[@CR57]\], next to the end-replication problem \[[@CR58]\]. The retrograde signaling may also occur in cells that undergo SIPS \[[@CR59]\]. There is also evidence that apart from oxidative stress resulting from the compensatory biogenesis of mitochondria, another mechanism of reactive oxygen species overproduction includes the increased activity of cytochrome c oxidase and NADH dehydrogenase, the enzymes that control the rate of electron flow through the electron transport chain \[[@CR60]\].

When it comes to the SIPS, the exogenous oxidants trigger permanent cell growth cessation by the extensive DNA injury \[[@CR61]\]. One of the best evidence for the causative role of oxidative stress in cellular senescence derives from experiments on fibroblasts which maintained under decreased oxygen pressure (hypoxia) displayed significantly improved replicative lifespan and delayed senescence \[[@CR62]\]. A similar effect of hypoxia has also been observed in mesenchymal stem cells \[[@CR63]\], osteoclasts \[[@CR64]\], and human endothelial progenitor cells \[[@CR65]\]. Hypoxia has also been found to prevent OIS, the effect of which was associated with the induction of hypoxia-inducible factor-1α (HIF-1α). Mechanistically, hypoxia downregulated ATM/ATR, Chk1 and Chk2 phosphorylation leading to attenuated DDR. Detailed analysis of HIF-1α activity revealed that it plays a role in targeting p53 and p21^Cip1^ and that its knock down leads to apoptosis, but not the restoration of senescence in *RAS*-expressing fibroblasts exposed to hypoxia \[[@CR66]\].

Last but not least, it should also be mentioned that cellular senescence is not necessarily irreversible. It has been demonstrated that fibroblasts and mammary epithelial cells characterized by low level of p16^Ink4a^ at senescence may reinitiate dynamic growth upon p53 inactivation. This observation implies that senescence triggered by telomere dysfunction may be a reversible phenomenon, in the maintenance of which p53 plays a dominant role \[[@CR67]\]. Earlier, similarly effective restoration of cell capacity to divide (replicative rejuvenation) was observed in cells in which telomerase was reactivated \[[@CR68]\].

Biological role {#Sec5}
---------------

Cellular senescence is not only an in vitro phenomenon, or an artifact of cell culture, as was postulated by some authors \[[@CR69]\]. The presence of senescent cells has been documented in various tissues, including in the skin \[[@CR22]\], kidney \[[@CR70]\], blood vessels \[[@CR71]\], prostate \[[@CR72]\], and peritoneal cavity \[[@CR73]\], implying that they may play some role in these tissues in physiology and/or pathology. Answering the question about the role of senescent cells accumulating in vivo is far more difficult. Do senescent cells contribute to organismal aging? They likely do, which statement has recently been reinforced by findings showing that the ablation of p16^Ink4a^-positive senescent cells elongated median lifespan, attenuated tumorigenesis, and delayed onset of age-associated dysfunction of the heart, kidney, and fat in INK-ATTAC mice \[[@CR74]\]. In addition, senescent cells are an integral part of the pathogenesis of age-associated pathologies, such as atherosclerosis \[[@CR71]\], diabetes \[[@CR75]\], benign prostate hyperplasia \[[@CR72]\], osteoarthritis \[[@CR76]\], cataracts \[[@CR77]\], melanocytic naevi \[[@CR78]\], cardiovascular disease \[[@CR79]\], cognitive disorders \[[@CR80]\], and cancer \[[@CR81]\]. At the same time, there are reports which detail the beneficial role of senescent cells in wound healing \[[@CR82]\] and embryogenesis \[[@CR83]\], as well as an orchestrator of an immune system cell behavior \[[@CR84]\] was described. Some authors even proposed the concept that senescent cells could be transiently delivered to an organism to engage their explicit secretory properties in regenerative purposes \[[@CR85]\]. On the other hand, there is strong evidence that anti-aging drugs, so-called *senolytics*, are effective in eliminating senescent cells in vivo and in improving health span parameters in aged animals \[[@CR86]\].

Despite the common agreement that cellular senescence acts as a tumor suppressor mechanism, particularly in young organisms \[[@CR87]\], the last 2 decades have provided mounting evidence that senescent cells are causatively involved in cancer progression. Their contribution includes the formation of an immunosuppressive tissue microenvironment, e.g., through interleukin 6 (IL-6)-dependent stimulation of suppressive myeloid cells, and their ability to restrict anti-tumor T cell reactions \[[@CR88]\]. Furthermore, senescent cells are characterized with the SASP, which refers to an overproduction of variety of cytokines (e.g., IL-1, IL-6, IL-7, IL-13), chemokines (CCL2, CXCL1, CXCL8, CXCL12), growth factors (heregulin, EGF, bFGF, IGF, VEGF, TGF-β1), and extracellular matrix (ECM) constituents and remodeling proteins (fibronectin, collagens, laminin, PAI-1, uPA, tPA, MMP-1, -3) known to participate in various steps of cancer cell progression \[[@CR25]\]. Noteworthy, however, the composition of SASP may be different in various cell types, as their senescence, including transcriptional profile are highly heterogenous \[[@CR89]\].

Senescent cells have been found to support adhesion, proliferation, migration, and invasion of cancer cells, as well as stimulating cancer-supportive phenomena, like angiogenesis \[[@CR90]\] and epithelial--mesenchymal transition (EMT) \[[@CR91]\]. From the effector perspective, the SASP is controlled by p38 MAPK and NF-κB \[[@CR92]\]. Recent studies suggest, however, that other pathways, including GATA4, mTOR, Jak2/Stat3, and the inflammasome also play a role \[[@CR93]\]. Interestingly, the development of this phenotype may proceed in a mechanism engaging the DDR \[[@CR94]\] or DDR-independently \[[@CR95]\]. The pro-cancerous activity of senescent cells is not restricted to in vitro conditions. Experiments on laboratory animals showed that senescent cells stimulate the formation of breast \[[@CR96]\], colorectal \[[@CR97]\], pancreatic \[[@CR98]\], and ovarian tumors \[[@CR99]\] much more efficiently than their young counterparts (Fig. [1](#Fig1){ref-type="fig"}).Fig. 1A hypothetical, cancer-modulating loop formed by normal stromal cells interacting with cancer cells undergoing therapy-induced senescence. According to the current knowledge, the phenomenon of cellular senescence may apply to either normal or cancer cells forming a tumor. In contrast to well-established cancer-promoting activity of senescent stromal cells, the outcomes of senescent cancer cells may be both pro- and anti-tumoral. It is still unknown whether senescent cancer cells may contribute to the induction of senescence in normal cells, e.g., via the SASP. *DDR* DNA damage response, *EMT* epithelial--mesenchymal transition, *NTE* radiation-induced non-targeted bystander, *SASP* senescence-associated secretory phenotype

Therapy-induced senescence of cancer cells {#Sec6}
==========================================

The paradigm that cancer cells are immortal was often linked with the statement that they proliferate indefinitely and avoid senescence due to active telomerase or alternative mechanisms of telomere lengthening \[[@CR4]\]. For this reason, telomerase became a tempting target in experimental anti-cancer therapy \[[@CR100]\]. The truth is, however, far more complex, which is evidenced by multiple observations that senescence may be triggered in cancer cells by their exposure to clinically relevant doses of ionizing radiation (radiotherapy) and chemotherapy \[[@CR101]\]. This indicates that despite cancer cells needing to bypass senescence in the course of their immortalization, they preserved (or at least some of them preserved) intact molecular effector pathways leading to senescence, which may be activated under some, therapy-related circumstances.

Radiation-induced senescence of cancer cells {#Sec7}
--------------------------------------------

Ionizing radiation (IR) is a common form of cancer therapy, based on the ability of the radiation to destroy DNA in cancer cells, leading to their death \[[@CR102]\]. A body of evidence has accumulated showing that the IR induces cellular senescence in various cancer cell types, in a dose-dependent manner. In the non-small cell lung cancer (NSCLC) A549 cells, 2 Gy of radiation yielded \~ 20% of SA-β-Gal-positive cells, whereas 10 Gy generated the SA-β-Gal positivity in almost 80% of cells. This response is, however, also cell-type specific, as in the H460 line of NSCLC, which appeared to be more sensitive to the irradiation, which translated to the higher magnitude of senescence at analogical doses of the IR \[[@CR103]\].

A dose of 10 Gy was also sufficient to induce senescence in p53 wild-type MCF-7 breast cancer cells \[[@CR104]\]. The pro-senescence activity of IR was also confirmed in other p53 wild-type cells, including HCT116 colorectal cancer cells, A172 glioblastoma, and SKNSH neuroblastoma cells. The potent role in the effectory phase of cell cycle inhibition in those cells was played by p21^Cip1^ \[[@CR105]\]. There is evidence, however, that the status of p53 matters concerning IR-related inducibility of senescence in cancer cells. Research on MDA-MB231 breast cancer cells having the attenuated p53 function showed that they failed to senesce in response to IR, ending their existence via apoptosis \[[@CR104]\].

As for the cells prone to IR-induced senescence, radiation did not suppress the expression of telomerase subunits, change telomerase activity, or induce telomere shortening, suggesting that this kind of the therapy-induced senescence proceeds without telomere attrition, but with evident telomere dysfunction (end-to-end fusions)  \[[@CR104]\]. Telomere shortening-independent manner of senescence was also documented in irradiated, SA-β-Gal-positive lung cancer cells \[[@CR106]\].

It has recently been found that the choice between apoptosis and senescence in cancer cells exposed to IR may be determined by the status of securin, the multifunctional protein involved in DNA replication, repair \[[@CR107]\], and tumorigenesis \[[@CR108]\]. It has been found that securin wild-type colon cancer cells subjected to the IR undergo apoptosis. At the same time, in securin-deprived cells, IR triggers senescence \[[@CR109]\]. Further research from the same group showed that senescence triggered by IR in securin-deficient human breast cancer cells, MDA-MB-231, involves ATM/Chk2, p38 MAPK, AMPK, and NF-κB \[[@CR110], [@CR111]\]. Senescence of these cells in response to IR also involved the activation of glyceraldehyde-3-phosphate dehydrogenase and lactate dehydrogenase A, two enzymes critical for glycolysis. Significantly, an inhibition of glycolysis using dichloroacetate attenuated the ability of the tested cells to undergo IR-dependent senescence \[[@CR111]\]. In lung cancer cells, in turn, IR-induced senescence appeared to be regulated by miR-34a \[[@CR103]\]. In glioma cells, the final status of cells subjected to IR (apoptosis vs. senescence) is determined by tumor suppressor, PTEN. Namely, PTEN deficiency favored senescence in the irradiated cells, whereas the PTEN proficiency directed the cells towards apoptosis \[[@CR112]\].

Drug-induced senescence of cancer cells {#Sec8}
---------------------------------------

There is a long and still expanding list of drugs that are capable of inducing senescence in cancer cells. This list includes: aphidicolin, bleomycin, cisplatin, doxorubicin, etoposide, mitoxantrone, retinols, hydroxyurea, carboplatin combined with docetaxel, and many others \[[@CR101]\]. Majority of these agents act via the induction of DNA damage, albeit they also include inhibitors of DNA polymerase, reactive oxygen species generating agents, and differentiation agents. The pro-senescence activity of chemotherapeutics was revealed in multiple tumors, including breast, lung, prostate, and colon cancer \[[@CR101]\], irrespective of p53 status \[[@CR113]\]. On the other hand, drugs characterized by different modes of action differ in their capacity to induce senescence. A comparative analysis employing equitoxic concentrations of drugs showed that the strongest pro-senescence response was found in the case of DNA-damaging agents, whereas the weakest effect was observed in the case of drugs targeting microtubules \[[@CR114]\].

Senescence of cancer cells in response to chemotherapy is one possible fate experienced by these cells, next to necrosis or apoptosis. The outcome is plausibly linked with the magnitude of a stressor applied: the stronger insult causes cell death, whereas the weaker stimulus leads to senescence. Such a dichotomy was observed, e.g., in prostate cancer cells which underwent apoptotic cell death upon the treatment with 250 nM of doxorubicin \[[@CR115]\], or cellular senescence when the drug concentration was 10 times lower \[[@CR116]\]. In general, however, the drug-induced senescence of cancer cells proceeds at a lower dynamic than in pro-apoptotic reactions. The expression of SA-β-Gal, and characteristic hypertrophic morphology of cancer cells, usually takes at least few days (3--7) after the treatment \[[@CR101]\]. It should also be stressed that senescence is initiated at lower doses than those causing cell death, which may minimalize plausible side effects of the therapy \[[@CR101]\].

Interestingly, cancer cells unable to undergo apoptosis, including those lacking p53 and pRb, maintain their propensity to senesce with concomitant sensitivity to chemotherapeutics \[[@CR117]\]. There are also situations when the activation of senescence is mandatory for effective therapy. This was observed, e.g., in murine lymphoma in which an intact senescence response determined the effectiveness of cyclophosphamide \[[@CR117]\]. A similar effect was found in the case of arsenic trioxide--retinoic acid therapy in acute promyelocytic leukemia \[[@CR118]\].

Several of the drugs that are capable of inducing senescence in cancer cells act via the destruction of DNA, mainly by causing single- and double-strand breaks \[[@CR119]\]. This feature implies that mechanisms of drug-induced senescence of cancer cells and SIPS, or even replicative senescence of normal somatic cells, may have the same core. As for the role of telomeres, the drug-induced senescence seems to proceed by the telomere-independent mechanism, as breast cancer cells exposed to doxorubicin did not display telomere shortening, albeit the accumulation of some cytogenetic changes within these structures was found \[[@CR120]\].

At the level of the cell cycle, the effectory phase of senescence involves the same spectrum of inhibitory proteins as in case of somatic cells, which may seem to some extent odd, as several tumors are deprived of functional p16^INK4a^, p21^Cip1^, and p53. This is the case, e.g., for colon cancer cells treated with doxorubicin in which senescence-like growth arrest occurred, either in wild-type cells or in cells with a homozygous knockout of p53 or p21^Cip1^ (though the magnitude of the process was lower) \[[@CR121]\]. Another report showed that as much as 20% of tumors in which cellular senescence was elicited in response to chemotherapy displayed mutated p53 \[[@CR122]\]. At the same time, there are reports in which p53-dependent senescence was activated \[[@CR118]\]. Another example of this is the senescence of p53 wild-type MCF-7 breast cancer cells exposed to doxorubicin \[[@CR120]\]. The induction of p21^Cip1^, which may serve as senescence promoter independently from the signals from p53, was observed in colon cancer cells subjected to 6-anilino-5,8-quinolinequinone \[[@CR123]\]. In renal carcinoma cells treated with sunitinib, senescence approached, in turn, in a mechanism involving p53, but without a contribution of p21^Cip1^ \[[@CR124]\].

As for p16^INK4a^, osteosarcomas engineered to be deficient in this inhibitor were characterized by impaired senescence \[[@CR125]\]. The prominent role of p16^INK4a^ was also demonstrated in cisplatin-resistant NSCLC cells which became much more sensitive to low doses of the drug with concomitant senescence upon their transfection with a construct encoding the complete sequence of p16^INK4a^ \[[@CR126]\].

It should also be mentioned that senescence of tumor cells lacking functional cell cycle inhibitors may be explained by defects in senescence-associated ribosome biogenesis and concomitant accumulation of rRNA precursors and ribosomal proteins. From the mechanistic point of view, senescent cells accumulate the ribosomal protein S14 (RPS14 or uS11) in the soluble non-ribosomal compartment, where it binds and inhibits cyclin-dependent kinase 4, leading to the inhibition of retinoblastoma protein phosphorylation, cell cycle arrest, and senescence \[[@CR127]\].

Despite the similarity between patterns of senescence in normal and cancer cells at the level of the cell cycle, there are also some differences. Probably the most evident is a broader spectrum of phases at which the replication may be arrested, contrasting cancer cells with their somatic partners in which senescence-associated growth arrest occurs mainly in G~1~ or G~2~ phases of the cell cycle \[[@CR36]\]. LS174T colon cancer cells treated moderate doses of DNA topoisomerase I inhibitor, SN-38, were growth-arrested in late S and G~2~-M phases, whereas cells subjected to high concentrations of the drug were growth-arrested in G~1~ phase \[[@CR122]\]. The G~1~ phase was also a point at which ovarian cancer cells treated with poly(ADP-ribose) polymerase inhibitor, olaparib, became growth-arrested with concomitant expression of SA-β-Gal and the presence of SAHF \[[@CR128]\]. In some cases, however, cancer cells have an ability to bypass the checkpoints controlling the cell cycle progression, which eventually leads to endoreplication of their DNA \[[@CR129]\].

Clinical aspects of the therapy-induced senescence {#Sec9}
--------------------------------------------------

Apart from artificial in vitro conditions, the therapy-induced senescence of cancer cells has repeatedly been evidenced in tumors in vivo. This is the case, for example, for breast tumors from patients who had received neoadjuvant chemotherapy, in which about 40% of tumors displayed a positive reaction for SA--β--Gal and p16^INK4a^ \[[@CR122]\]. The same was documented in NSCLC patients subjected to carboplatin and paclitaxel \[[@CR130]\].

The presence of senescent cancer cells in response to chemotherapy in vivo was also found in various animal models, including breast carcinoma exposed to retinoid \[[@CR113]\], lymphoma treated with cyclophosphamide \[[@CR117]\], and lung NSCLC treated with cisplatin \[[@CR131]\].

These facts indicate that the therapy-induced senescence should be considered from two perspectives: positive and negative for a patient (Fig. [2](#Fig2){ref-type="fig"}). The positive aspect of the senescence relies on the growth inhibition of targeted cells, which, at least theoretically, restricts the progression of the disease. Another positive effect is the spreading of senescence towards neighboring cancer cells, as shown in case of MCF-7 breast cancer cells, which, upon exposure to conditioned medium from their senescent counterparts became growth-arrested, enlarged and positive for SA-β-Gal. This is, however, not a universal process, as HCT-116 colon cancer cells did not display signs of senescence in response to conditioned medium from senescent cells \[[@CR132]\].Fig. 2Therapy-induced senescence of cancer cells from the perspective of the ambivalent, either positive or negative outcomes of this process for a patient

At the same time, potentially adverse effects of the therapy-induced senescence seem to match, and maybe even prevail the pros of this phenomenon. It is well known that IR-dependent damage often occurs (especially at low doses of the radiation) not directly in the irradiated cells but in cells which are in close or distant communication with them (so-called radiation-induced non-targeted bystander; NTE). IR-dependent damage generates DNA damage and multiple cellular and molecular alterations \[[@CR133]\], which may lead, at least theoretically, to SIPS, and the development of cancer-promoting reactions. As for chemotherapy, cancer cells exposed to DNA-damaging chemotherapy display the same SASP characteristics as normal cells. This trait translated, in pre-malignant epithelial cells, to the development of EMT and the improvement of their invasiveness, mainly in IL-6- and CXCL8-dependent mechanisms \[[@CR134]\].

Moreover, chemotherapeutics known to cause senescence in cancer cells may also induce this event in normal, stromal cells. For instance, cisplatin has been found to induce senescence in fibroblasts \[[@CR135]\], whereas paclitaxel in vascular endothelial cells \[[@CR136]\]. Taking into account that senescent fibroblasts are one of the plausible sources of cancer-associated fibroblasts (CAFs) \[[@CR137]\], the acquisition of a senescent phenotype by these cells may lead to paradoxical exacerbation of the disease. This threat was confirmed in studies using transgenic mice that permit tracking and eliminating senescent cells. This study showed that the elimination of doxorubicin-treated senescent fibroblasts reduced side effects of the therapy, including systemic inflammation, bone marrow suppression and heart failure \[[@CR138]\]. Tumors may also benefit from senescence-inducing treatments directly, due to the inactivation of critical oncogenes and/or restoration of tumor-inhibitory signals which may permit cancerous cells to adequately respond to intrinsic damage \[[@CR139]\]. This was found in cancer cells associated with the interventions directed towards overexpressed c-Myc overexpression \[[@CR125]\] and Shp2 \[[@CR140]\], and insufficient PTEN \[[@CR141]\].

Another challenge is the stability of cancer cell senescence, which in case of normal somatic cells is considered irreversible \[[@CR142]\]. It was observed that a small fraction of H1299 NSCLC cells that undergone senescence in response to genotoxins escaped from senescence and reentered the cell cycle. Interestingly, both the phenotype and gene expression profile of these cells were more similar to senescent cells than to parental cells \[[@CR130]\]. A similar phenomenon was demonstrated in HCT116 colon cancer cells. It is very likely that such the reinitiation of divisions stems from the polyploidization of senescent cancer \[[@CR129]\].

Taking all above-mentioned facts into account, therapy-induced senescence cannot be treated merely as an alternative therapeutic solution for oncologic patients. There seems to be, however, a chance to take such an approach seriously when the senescence-inducing therapy could be restricted exclusively to cancerous cells or reasonably combined with specific, e.g., SASP-targeting senolytics \[[@CR143]\], alternatively drugs which block the SASP without eliminating senescent cells, referred to as senostatics \[[@CR144]\]. Recent years provided multiple information regarding biological effects exerted by the both classes of anti-senescence drugs, that allow to consider them as valuable adjuvants in cancer therapy. More precisely, they should be treated as secondary therapy aimed at eliminating therapy-driven senescent cells. Such the activity has been evidenced, e.g., for ABT263, a compound that kills senescent cells generated by chemotherapy, by targeting BCL-2-dependent anti-apoptotic signaling \[[@CR145]\]. In addition, in vivo experiments in mouse models revealed that ABT263-dependent clearance of therapy-induced senescent cells translated to reduced cancer metastasis and relapse \[[@CR138]\]. Other report showed that the administration of ABT263 enhances the efficiency of clinically relevant therapeutic regimens \[[@CR146]\]. As per senostatics, their potential to effectively synergize with chemotherapeutics appears to be even higher. Probably the best examples for this activity derive from experiments on dietary restriction \[[@CR147]\] and anti-diabetic drug, metformin \[[@CR148]\].

Spontaneous senescence of cancer cells {#Sec10}
======================================

To render to Caesar what is Caesar's, the presence of senescent cancer cells in tumors from patients who had not received any form of radio- or chemotherapy was described several years ago; however, it may have been underestimated and considered a background for much more extensive therapy-induced senescence \[[@CR122]\].

The occurrence of spontaneously senescent cancer cells {#Sec11}
------------------------------------------------------

It has been observed that 10% of tumors isolated from patients suffering from breast cancer, who had not received chemotherapy, expressed SA-β-Gal. The pattern of staining in these sections differed from that observed in tumors from patients subjected to chemotherapy. In the non-treated tumors, only individual cells were SA-β-Gal-positive, whereas treated tumors revealed patches of cells expressing the SA-β-Gal \[[@CR122]\]. Another example of the in vivo detection of senescent cells derives from studies on xenografts generated in athymic nude mice in which H-*ras*-transformed MCF10ANeoT cells formed hyperplastic and pre-malignant tumors characterized by ductal hyperplasia and carcinoma in situ \[[@CR149]\]. Analysis of frozen tumor sections from untreated mice showed detectable expression of SA-β-Gal, which was localized to limited tumor fragments and significantly lower compared with the enzyme staining in tumors from animals treated with 4-hydroxyphenyl retinamide \[[@CR113]\]. An expression of SA-β-Gal combined with the presence of other markers of senescence, including p16^Ink4a^ and p21^Cip1^ cell cycle inhibitors has also been observed in Reed--Sternberg cells within Hodgkin's lymphoma biopsies \[[@CR150]\].

The phenomenon of spontaneous senescence of cancer cells was also observed in vitro in case of MDA-MB-231 breast cancer cells. Although these cells have active telomerase, which prevents telomere shortening and allows cells to proliferate indefinitely, there was a fraction of cells that lost the ability to divide. These cells have been marked according to the positive expression of SA-β-Gal and negative tritiated thymidine index, in a cellular proliferation test, combined with an enlarged morphology, and their fraction reached 2.2%. In addition, 19.6% of cells were SA-β-Gal-positive but incorporated the thymidine, so their senescence profile was incomplete. Analysis of telomeres showed that proliferating and senescent cells had comparable telomere lengths, suggesting that spontaneous senescence of these cells is telomere-independent, similar to cells undergoing therapy-induced growth arrest \[[@CR6]\]. The size of the spontaneously senescent cell fraction confirmed a report by another group, which revealed that 1--3% of untreated sub-confluent fibrosarcoma cells express SA-β-Gal. Noteworthy, the percentage of these cells was remarkably lower compared with cultures treated with doxorubicin \[[@CR113]\].

Somehow different light on the nature of the spontaneous senescence of cancer cells sheds reports in which the phenomenon is analyzed in cultured primary prostate, breast, and colon cancer cells, as well as in established MCF7 and MDA-MB-468 breast cancer cells, SW962 vulvar cancer, melanoma SK-MEL28 cells, and lung cancer cells NCI-H1975 and NCI-H460. Authors of this study showed that all primary cancer cells tested undergo the spontaneous senescence, and that a small fraction of senescent cells has also been observed in four of six established cancer cell lines \[[@CR151]\]. As for the phenotype of senescent cancer cells, all cultures exhibiting this trait were positive for SA-β-Gal, flattened and elongated morphology, but at the same time, none of them displayed another classic sign of senescence, that is, the presence of SAHF \[[@CR151]\]. Significantly, the fraction of senescent cells increased during consecutive passages leading to the stage at which almost the whole population consisted of the senescent cells. The pace at which this complete senescence was achieved was, however, variable, even within cultures of the same origin. The last observation is not strange in the context of the knowledge about replicative lifespan of somatic cells, where two cells derived from a single mitosis may display considerably different numbers of achievable divisions, due to several stochastic events experienced during culture in vitro \[[@CR152]\].

What should be stressed at this point is the fact that, conversely to small percentages of spontaneously senescent cells claimed in previously cited papers, the size of the fraction in the tested established and primary cultures ranged from less than 10% in the former to 80--90% in the latter. These last values are, in fact, relatively high which may indicate that the cells passed through several divisions and became senescent during the establishment of the primary culture. There is also the possibility that the cancer cells used in the discussed paper are particularly vulnerable to environmental conditions, such as the ambient oxygen tension, in which they may resemble some types of normal somatic cells which have a substantial fraction of cells bearing various markers of senescence even at very early passages \[[@CR153]\]. Such a phenomenon is often called sudden senescence syndrome \[[@CR154]\].

The stochastic pattern of the growth and spontaneous senescence was also reported in hepatocellular carcinoma-derived Huh7 cells \[[@CR155]\]. Some of the clones established from this line were able to reach more than 100 population doublings with a heterogenous pattern of SA-β-Gal staining, whereas other clones entered senescence much more rapidly and the majority of cells were SA-β-Gal-positive. Similar to normal somatic cells, senescent Huh7 cells remained viable for several months \[[@CR156]\] and did not produce immortal progeny.

Diversified dynamics of senescence occurrence was also demonstrated in primary cultures established from malignant ascites collected from ovarian cancer patients. Upon the confirmation of cancerous nature of these cells, the analysis of their behavior and phenotype showed that late-passage cells (usually starting from passages 4--5 onwards) begin to exhibit alterations in morphology and reduced capacity to replicate. The rate of senescence was, however, different, in some cultures senescence occurred at the second passage, and in some at the eighth passage \[[@CR157]\]. Considerably later onset of senescence was observed in p53-positive glioblastoma cells. In that case, the spontaneous presence of senescent cells \[SA-β-Gal(+)/BrdU(−)\] was recorded between the fifteenth and twentieth passage \[[@CR158]\].

Plausible mechanisms of spontaneous cancer cell senescence {#Sec12}
----------------------------------------------------------

As for plausible mechanisms of spontaneous cancer cell senescence, the data are obscure. Research cited above show that the occurrence of spontaneous senescence in primary and stable cancer cell lines may be not related to p53 status, since it was found in both p53 wild-type and mutated cells \[[@CR151], [@CR158], [@CR159]\]. In p53- and p16-deficient Huh7 hepatocellular cancer cells the spontaneous senescence is accompanied by the repression of hTERT and telomere shortening \[[@CR155]\]. Mechanistically, this process was associated with the activity of the *SIP1* gene, coding for zinc-finger homeodomain transcription factor protein involved in TGF-β signaling \[[@CR160]\]. It has been found that targeting of *SIP1* with shRNA restored the hTERT and allowed the cells to bypass senescence \[[@CR155]\]. The sensitivity for the induction of senescence has been found to be related to the interplay between oncogenic transcription factor E2F1 and oncoprotein CIP2A. The positive interaction between these two molecules is initiated by the inactivation of p53, which eventually leads to the inhibition of senescence in breast cancer cells \[[@CR161]\].

There are reports showing that the spontaneous senescence of cancer cells may be linked to the activity of some oncogenes (OIS). A spontaneous occurrence of OIS has been described in melanocytes, in particular, in their pre-malignant form, melanocytic nevi, that frequently bear activating mutations in *BRAF* and *NRAS* \[[@CR162]\]. In breast cancer cells, OIS is triggered by an overexpression of human pituitary tumor-transforming gene 1 *(hPTTG1*) \[[@CR163]\].

The role of oncogenes also confirms in vivo observations on mouse having a conditional oncogenic K-*ras* V12 allele. Upon the activation of the oncogene with Cre recombinase, the animals develop multiple pre-malignant lung adenomas and a few lung adenocarcinomas. Research using cryosections of lungs from K-*ras* V12 animals showed strong expression of SA-β-Gal in the pre-malignant lesions, which coincided with low expression of Ki67-proliferative antigen, and significant staining of p16^INK4a^, p15, Dec1, and DcR2, markers of senescence identified previously using microarray analysis on cell cultures. At the same time, it should be emphasized that authors of the study did not reveal the presence of senescence in the malignant tumors, which may indicate their resistance to OIS, likely due to the loss of effectory proteins, p16^INK4a^ and p53 \[[@CR164]\].

In sections of atypical proliferative serous ovarian tumors, which are precursors of low-grade serous ovarian cancer, the presence of cells positive for p16^INK4a^ and with low Ki67 labeling index---considered as being senescent---was found in a fraction of cells with abundant eosinophilic cytoplasm, bearing mutated *BRAF* proto-oncogene. This interpretation supported further in vitro analyses using epithelial cells with ectopic expression of BRAF^V600E^, which expressed such the hallmarks of senescence, as SA-β-Gal and high expression of p16^INK4a^ and p21^Cip1^ \[[@CR165]\].

OIS has also been revealed as a barrier in the development of lymphoma. It has been demonstrated that primary lymphocytes engineered to express *RAS* became SA-β-Gal-positive, which terminated lymphomagenesis at its very initial step. This *RAS*-induced senescence was also strongly related to the activity of histone methyltransferase, Suv39h1, involved in the methylation of histone H3 lysine 9 (H3 K9me), being a part of the retinoblastoma signaling \[[@CR166]\].

On the other hand, the rationale regarding the involvement of the OIS in the spontaneous cancer cells senescence is challenged by the observation of the lack of SAHF in senescent primary and established cell lines \[[@CR151]\]. Indeed, it has been postulated that the formation of SAHF is a unique feature of OIS \[[@CR167]\], which in the face of the above-cited study could indicate that mechanisms outside of OIS may underlie the spontaneous induction of this phenomenon.

An OIS-independent scenario may include the loss of phosphatase and tensin homolog deleted on chromosome 10 (*PTEN*), one of the most frequently mutated tumor suppressor genes in prostate cancer \[[@CR168]\]. Seminal experiments using mouse embryonic fibroblasts (MEFs) showed that cells deprived of *PTEN* exhibit senescence-like morphology and SA-β-Gal staining. This effect was associated with the activation of the PI3K/AKT signaling and proceeded in a clearly p53-dependent manner. Notably, strong SA-β-Gal staining was also found in *PTEN*-deficient, pre-neoplastic prostates in mice. In these lesions, the accumulated p53 was accompanied by an increase in p19 and p21^Cip1^. A strong SA-β-Gal reaction was also found in early-stage human prostate cancer. In the areas of full-blown carcinoma, the staining was still present, but its magnitude was weaker \[[@CR169]\]. The role of *PTEN* inhibition as a cause of cancer cell senescence strengthened further in vivo research on p53 wild type MDA PCa-2b xenograft prostate tumors, in which chemical targeting of *PTEN* resulted in an increased expression of SA-β-Gal and decreased expression of Ki67 \[[@CR170]\]. Significantly, the induction of senescence related to the inhibition of *PTEN* does not involve initial hyperproliferation and DNA damage response, which may be more profitable from the perspective of therapeutic application compared with OIS, in which both these reactions are present \[[@CR171]\].

Another mechanism of spontaneous senescence induction has been proposed according to research on ovarian cancer cells. Researchers showed that ES-2 cells expressing progesterone receptor (PR), PEO4 cells positive for the PR and estrogen receptors, and primary ovarian cancer cells, displayed various features of senescence, including growth arrest in the G~1~ phase of cell cycle, an enlarged morphology, an expression of SA-β-Gal, and upregulated levels of p21^Cip1^ upon the experimental stimulation of the PR. Interestingly, although the p21^Cip1^ cell cycle inhibitor seemed initially to be the core effector of this response, inhibition of p21^Cip1^ with shRNA paradoxically increased SA-β-Gal, with a concomitant upregulation---as a compensatory response, as speculate authors of the study---of other cell cycle inhibitors, such as p15, p16^INK4a^, and p27. Notably, the most critical molecule controlling senescence in the PR-positive ovarian cancer cells appeared to be transcription factor FOXO1, whose stable inhibition effectively prevented all pro-senescence effects of the PR stimulation \[[@CR172]\]. Plausible triggers and potential biological outcomes of spontaneous cancer cell senescence have been summarized in Fig. [3](#Fig3){ref-type="fig"}.Fig. 3Theoretical triggers of spontaneous senescence of cancer cells in the context of plausible biological activities of these cells. According to the literature, spontaneous senescence of cancer cells may be a complex phenomenon, elicited in vivo by various kinds of stressors of both exogenous and endogenous nature. Spontaneously senescent cancer cells display similar phenotype to normal senescent cells and cancer cells undergoing IR or chemotherapy, including the development of SASP and increased oxidative stress. The SASP may further lead to the exacerbation of cancer progression, but at the same time, its elements can also be responsible for spreading of senescence among nearby proliferating cells, simultaneously with pro-senescence effects generated by oxidative stress

Conclusions and further remarks {#Sec13}
===============================

Taking into account the uncertain clinical outcomes of the drug-induced senescence of cancer cells, one may ask as to whether even a small fraction of spontaneously senescent cancer cells should not attract some attention regarding its possible biological and clinical relevance. In our opinion, the answer is yes, due to the analysis of the literature focused on a similar phenomenon in various tumor types showing that spontaneous senescence is a general rule rather than a negligible artifact. Unfortunately, the phenomenological description of the presence of spontaneously senescent cancer cells in vivo and in vitro has not yet been appropriately followed by mechanistic studies. This seriously jeopardizes our knowledge about the molecular nature of this process. Also, in terms of the comparative analysis with the therapy-induced counterpart, we firmly believe that there is an urgent need to experimentally identify the molecular nature of these cells and possible results of cell interactions with proliferating, non-senescent counterparts and stromal cells. One of the most critical issues to be addressed is of whether the relatively small fraction of spontaneously senescent cells is biologically active, and if so, whether this activity resembles the activity of cells that senesced in response to chemotherapy or radiation. Or, whether the presence and activity of spontaneously senescent cells may jeopardize cancer cell response to chemotherapy. It should also be clarified if biological effects of spontaneously senescent cells and the cells forced to senescence by therapy are synergistic or maybe opposed (due to different dynamics, magnitudes, and perhaps also mechanisms?). Last but not least, further investigations using cell line and in vivo models should be performed to delineate whether the fraction of spontaneously senescent cells increases over time, strengthening the understanding of their potential activity.
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